Compensatory endocytosis of exocytosed membrane and recycling of synaptic vesicle components is essential for sustained synaptic transmission at nerve terminals. At the ribbon-type synapse of retinal bipolar cells, manipulations expected to inhibit the interactions of the clathrin adaptor protein complex (AP2) affect only the slow phase of endocytosis ( ϭ 10 -15 s), leading to the conclusion that fast endocytosis ( ϭ 1-2 s) occurs by a mechanism that differs from the classical pathway of clathrin-coated vesicle retrieval from the plasma membrane. Here we investigate the role of endophilin in endocytosis at this ribbon synapse. Endophilin A1 is a synaptically enriched N-BAR domain-containing protein, suggested to function in clathrin-mediated endocytosis. Internal dialysis of the synaptic terminal with dominant-negative endophilin A1 lacking its linker and Src homology 3 (SH3) domain inhibited the fast mode of endocytosis, while slow endocytosis continued. Dialysis of a peptide that binds endophilin SH3 domain also decreased fast retrieval. Electron microscopy indicated that fast endocytosis occurred by retrieval of small vesicles in most instances. These results indicate that endophilin is involved in fast retrieval of synaptic vesicles occurring by a mechanism that can be distinguished from the classical pathway involving clathrin-AP2 interactions.
Introduction
A major role for clathrin-mediated endocytosis in synaptic vesicle retrieval has been confirmed in several functionally and structurally distinct types of synaptic terminals, and in multiple species (Wu et al., 2007) . Clathrin-independent modes of retrieval have also been proposed, particularly, fast "kiss-and-run" of small vesicles (Ceccarelli et al., 1973; He et al., 2006) , and "bulk retrieval" of larger membrane compartments (Holt et al., 2003; Kasprowicz et al., 2008) . The evidence for two kinetically distinct modes of synaptic vesicle retrieval is particularly strong at the ribbon-type synapse of retinal bipolar cells isolated from the retina of goldfish, where the large size of the terminal allows the kinetics of endocytosis to be monitored directly using the capacitance technique (von Gersdorff and Matthews, 1994; . Manipulations expected to inhibit specific molecular interactions in the clathrin adaptor protein complex (AP2) and other molecular interactions of the clathrin-dependent pathway only affect the slow phase of retrieval ( ϭ 10 -15 s), leading to the conclusion that fast endocytosis ( ϭ 1-2 s) occurs by a mechanism that is at least partially, if not wholly, distinct . Morphologically, large endosome-like compartments have been seen in bipolar cell terminals after long depolarizations (i.e., tens of seconds) (Holt et al., 2003) , and it has been suggested that direct retrieval of membrane into these larger compartments could give rise to faster kinetics of retrieval (LoGiudice and Matthews, 2007) .
Here we investigate the potential role of endophilin in vesicle retrieval at the ribbon synapse of retinal bipolar cells. The importance of endophilin at other synapses has been appreciated from studies of null mutants in Caenorhabditis elegans and Drosophila melanogaster, and by acute dialysis of peptides and protein domains into lamprey giant axons, where it is proposed to be involved in the clathrin pathway (Ringstad et al., 1999; Gad et al., 2000; Guichet et al., 2002; Rikhy et al., 2002; Verstreken et al., 2002; Fabian-Fine et al., 2003; Schuske et al., 2003; Dickman et al., 2005) . However, these studies do not provide a consistent picture as to the precise functions of endophilin. In C. elegans endophilin mutants, there are increased numbers of all types of clathrin-coated membrane profiles. In contrast, in D. melanogaster, increases in early budding profiles are observed at the neuromuscular junction, and clathrin-coated vesicles are observed in retinal neurons. These discrepancies might be the result of differences in the fixation procedures but might also reflect a general upregulation of the clathrin pathway in response to endophilin deficiency, rather than the inhibition that is commonly supposed. Molecular studies have cast doubt on the significance of endophilin as part of the AP2/clathrin endocytic machinery (Gallop et al., 2006) . Endophilin has also been implicated in fast retrieval of the vesicular glutamate transporter, albeit via a proposed AP2 pathway (Voglmaier et al., 2006) . Using electron microscopy to visualize retrieved compartments and the capacitance technique to make real-time measurements of endocytosis, we find that fast endocytosis at the ribbon synapse of bipolar cells occurs via small, synaptic vesicle-sized compartments and that endophilin is an obligatory effector molecule in this pathway.
Materials and Methods
Capacitance measurements in bipolar cells. Bipolar cells were isolated from the retina of goldfish by enzymatic digestion and plated onto glass coverslips coated with poly-L-lysine . Whole-cell patch-clamp capacitance recordings were performed at room temperature. The Ringer's (bath) solution contained the following (in mM): 120 NaCl, 2.5 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 10 glucose, 10 HEPES, pH 7.3, 280 mOsm ⅐ kg Ϫ1 . The intracellular solution contained the following (in mM): 110 Cs methane-sulfonate, 10 tetraethylammonium chloride, 5 MgCl 2 , 3 Na 2 ATP, 1 Na 2 GTP, 20 HEPES, 0.4 BAPTA, pH 7.2, 260 mOsm ⅐ kg Ϫ1 . Protein domains were diluted into the intracellular solution to the indicated final concentrations. In all experiments the series resistance ranged from 10 to 15 M⍀.
Correlative electrophysiology and electron microscopy. Depolarizing bipolar cells isolated as above were plated onto gridded glass coverslips coated with poly-L-lysine. Cells were bathed in low-calcium Ringer's solution (0.2 mM CaCl 2 ) which, after patching, was exchanged with Ringer's solution (2.5 mM CaCl 2 ) containing 10 mg/ml horseradish peroxidase (HRP). After 2-3 min equilibration, the patched cells were subjected to a train of five, 20 ms stimulations with 10 s intervals, before being fixed with 2% PFA/1.5% glutaraldehyde in buffer A (in mM: 25 HEPES, 38 aspartate, 38 glutamate, 38 gluconate, 2.5 MgCl 2 , 2 EGTA, pH 7.2). Fixative was delivered immediately to the stimulated cells by an electronically controlled pipette positioned directly over the patched cells (for method details, see . Images of the patched cells and their neighboring cells were captured to aid identification of the studied cells in the electron microscope. The fixed cells were treated with diaminobenzidine (DAB) to crosslink the HRP, before being postfixed with 1% osmium tetroxide/1.5% potassium ferricyanide and stained with tannic acid. The cells were dehydrated and embedded in Epon stubs, as described previously . Coverslips were removed by immersion in liquid nitrogen before serial sectioning, and ultrathin sections were cut en-face using a Reichert-Jung Ultracut E microtome. Sections were stained with lead citrate before being viewed in a Philips CM12 electron microscope. The mean diffusion coefficient of vesicles in the synaptic terminal of bipolar cells has been measured to be ϳ1.5 ϫ 10 Ϫ2 m 2 s Ϫ1 , and since the average distance from the membrane was only 106 nm, fixation must have occurred within 1 s of budding from the plasma membrane (see also distribution of distances in Fig. 1 I) .
Fitting of capacitance traces. The basic approach to describing the recovery phase of capacitance traces using single-or double-exponential functions has been described previously . Three basic situations arose in the present study. In the first, all the excess membrane was recovered in one phase, which could be described as a single exponential (e.g., recovery after 20 ms or 2 s stimuli-see black traces in Fig. 4 B, C) . In the second, all the excess membrane was retrieved, but recovery was biphasic and was best described as the sum of two declining exponentials (e.g., recovery after a 100 ms stimulus-see black trace in Fig. 4 A) . In the third, a proportion of the membrane was not recovered and endocytosis appeared to have stopped within our recording episode (e.g., recovery in the presence of the DNF peptide-purple trace in supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material). In this last situation, we found that the time course of recovery for that proportion of membrane that was retrieved could also be described adequately as a single exponential.
The decision between single-and double-exponential fits was made by visual inspection followed by comparison of residuals. We set two further criteria before accepting the need for a double exponential over a single: the two rate constants differing by Ͼ4-fold and the amplitude of the slow phase being at least 10%. The first criterion applied in most situations, because the fast phase typically had a time constant of ϳ1 s, and the slow phase a time constant of 10 s or more. For instance, in Figure 4 B (20 ms stimulus, endophilin⌬SH3), the fast and slow rate constants differed by a factor of 20. The second criterion was set because an estimate of the slower rate constant was overly sensitive to slight drift in the traces when the amplitude of the slow phase was very small relative to the fast phase. In such situations, only the rate constant and amplitude of the fast phase was recorded, together with the amplitude of the slow phase; the slow rate constant was not deemed reliable. A borderline case is shown by the control response to a 20 ms stimulus in Figure 4 B, where the fit suggests that the amplitude of the slow component is 13% of the total and k slow ϭ 0.25 s Ϫ1 . This is an average of 14 individual responses, but when fitting the individual responses to this brief stimulus, a double exponential was used in only one case.
Some capacitance recordings were affected by drift in the absence of stimulation, probably reflecting slow changes in the area of the pipette shank in contact with the solution in the bath. The capacitance was therefore measured for a period of 5 s before application of a stimulus, and any linear drift was corrected by fitting a straight line to this portion of the trace.
Constructs, cosedimentation assays, and liposome assays. SH3 (Src homology 3) domains [rat endophilin A1 (residues 294 -353), rat amphiphysin 1 (residues 604 -683), rat amphiphysin 2 (residues 495-588), rat pacsin 2 (residues 407-487), human intersectin 1 SH3 domains A (737-816), C (1000 -1066), and E (residues 1155-1220)] were cloned into ER1/Not1 sites of pGex 4T2, and proteins were expressed in bacteria (BL21 DE3 pLysS) and bound to glutathione Sepharose beads according to standard procedures. One rat brain was homogenized in 4 ml of buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 4 mM DTT, 0.1% Triton X-100; Calbiochem Protease Inhibitor Set III) and extract was made by centrifugation at 100,000 ϫ g for 1 h at 4°C. GST-fusion proteins (50 g) were bound to beads and added to 0.5 ml of brain extract, in the presence of peptides at the appropriate concentration. After incubation at 4°C for 40 min, beads were washed three times with buffer, including peptides in the first wash. Samples were resuspended in sample buffer and run by SDS-PAGE.
GST full-length rat endophilin A1, GST rat endophilin⌬SH3 domain (residues 1-247), and dAmphiphysin⌬SH3 (residues 1-245) were cloned into ER1/Not1 sites of pGex4T2, and proteins were thrombin cleaved before purification by anion exchange and gel filtration. Rat synaptojanin 145 (gift from Peter Parker, Imperial College, London, UK) was cloned into the Not1 site of pBac4x1 with a hexahistidine tag at the C terminus. Protein was purified on Ni-NTA agarose (Qiagen) followed by S200 gel filtration. Folch Fraction I (Sigma) liposomes in 150 mM NaCl, 20 mM HEPES, pH 7.4, were extruded 11 times through polycarbonate membranes (Avanti) to achieve the desired diameter. For tubulation assays, typically 1 mg/ml liposomes (200 nm) were incubated for 10 min with 10, 20, and 40 M protein. Samples were spread on electron microscopy grids and stained using 5% uranyl acetate. (For details, see http:// www.endocytosis.org/techniqs/techniqs.htm.) For the synaptojanin recruitment assays, synaptojanin and full-length endophilin were used at a concentration of 3 M with 0.2 mg/ml Folch liposomes (400 nm). Endophilin N-BAR domain was used at 1, 2, 5, 10, and 20 M. The protein mixture was incubated for 5 min and sedimented at 100,000 ϫ g for 15 min. Antibodies against endophilin A1 and against synaptojanin were raised in rabbits against Endo1 SH3 domain (Ra74) and full-length synaptojanin (Ra59), respectively. For the Alexa 488 labeling of endophilin, we used the C108S, A247C mutant, and labeled it using Alexa 488 C5-maleimide (Invitrogen).
Results
The fast mode of endocytosis retrieves small vesicles It has been suggested that bulk retrieval into compartments larger than synaptic vesicles (endosomes) may be the dominant mechanism of vesicular membrane recycling in the ribbon synapse of retinal bipolar cells (Paillart et al., 2003) . To investigate whether this is the case, we used the fluid phase marker HRP to label the endocytic structures formed during a train of five, 20 ms depolarizations delivered at intervals of 10 s (Fig. 1 A; supplemental Experimental Procedures, available at www.jneurosci.org as supplemental material). This stimulus was chosen because it is followed almost exclusively by fast endocytosis with a time constant of 1-2 s (von Gersdorff and Matthews, 1994; . Cells were fixed within seconds of the end of this stimulus train, i.e., within ϳ40 s of the first brief depolarizing step. Serial sections demonstrated that labeled compartments were small-to medium-sized vesicles, and not the larger tubules or cisternae formed by bulk endocytosis (Holt et al., 2003 Coggins et al., 2007) (Fig. 1 B-D) . Although this observation might be interpreted as reflecting the very rapid breakup of large endocytic compartments, this seems unlikely because previous studies of the ribbon synapse of bipolar cells have found that large compartments only accumulate after tens of seconds of continuous depolarization (Holt et al., 2003; Coggins et al., 2007) , and breakup on the time scale of tens of minutes (Coggins et al., 2007) , while we only depolarized terminals for a total time of 100 ms and fixed immediately.
Some HRP-labeled structures displayed an irregular surrounding density ( Fig. 1 E) , but these do not appear to have an organized clathrin coat. However, given the paucity of coated vesicles found, it could be that many became uncoated during fixation. Occasionally, buds and vesicles with a regular coat, characteristic of clathrin, were observed close to the limiting membrane ( Fig. 1 F, arrowheads) . Morphologically, these are endocytic intermediates, the lack of HRP labeling indicating that fission had not yet occurred (the electron-dense precipitate will not form using our protocol if the vesicles retain a link to the outside). Some of the HRP-positive vesicles were in the juxtamembrane position of the electron-opaque ribbon, a position thought to supply the first vesicles for exocytosis (Fig.  1G ). This suggests that both vesicle exocytosis and fast endocytosis occurred at, or very close to, the active zone for the majority of vesicles released during stimulation.
The mean diameter of labeled vesicles was 77 Ϯ 28 nm, while that of adjacent unlabeled vesicles was 54 Ϯ 11 nm, with the two distributions overlapping considerably ( Fig. 1 H) . The larger average diameter of labeled vesicles might be an effect of the precipitated DAB-HRP product, such as preventing shrinkage during fixation (Zuber et al., 2005) . Most HRP-positive structures were found in the periphery of the cell; 50% were Ͻ50 nm from the plasma membrane, and 81% within 200 nm, while unstimulated cells did not contain any detectable HRP product ( Fig.  1 I) . Altogether, these results indicate the preference of newly formed vesicles to be located in the submembranous region, with some in the vicinity of ribbons (Fig. 1G ). The HRP labeling was very efficient: for example, in a single electron microscopy experiment, 1895 vesicles were labeled per terminal after the delivery of five brief (20 ms) depolarizing steps, corresponding to a membrane surface area of ϳ40 m 2 with an expected total capacitance of 320 fF. This figure agrees with the measured capacitance of endocytosed membrane during such a stimulus train, which is ϳ150 -300 fF (Gomis et al., 1999) . Retrieval into small vesicles after a short stimulus contrasts with the effects of chronic (1 min) stimulation, when 90% of the excess membrane is retrieved into large cisternae, each with an average membrane area 10 times that of a small vesicle (Holt et al., 2003 . We therefore conclude that fast endocytosis in bipolar cells occurs predominantly into compartments approximating the size and shape of synaptic vesicles (with some being attached to ribbons and therefore being defined as synaptic vesicles), rather than the larger cisternae that have been observed after chronic stimulation (Paillart et al., 2003; Coggins et al., 2007) . Figure S1 , available at www.jneurosci.org as supplemental material) after five 20 ms depolarizations showing HRP label incorporated into structures. The overall morphology demonstrated is representative of at least 5 independent presynaptic terminal serial section EM analyses. B-D, Serial sections of an enlarged area showing label is incorporated into vesicles. E-G, Labeled vesicles are frequently close to the membrane (E) and can also be found in the specialized release apparatus, the ribbon (G). Unlabeled coated structures (possibly clathrin-coated) are indicated by the arrowheads (F ). The solid structures that are smaller than vesicles are probably glycogen granules. Asterisks show position of ribbon structures. Scale bars, 100 nm. H, Distribution of unlabeled vesicle diameters and HRP labeled vesicle diameters (224 structures from two presynaptic terminals). The average Ϯ SD for unlabeled was 54 Ϯ 11 nm and for labeled was 77 Ϯ 28 nm. Because unlabeled vesicles are more difficult to define and we measured ϳ5 small unlabeled structures that were neighboring each labeled vesicles. I, Distribution of HRP labeled vesicle distances away from the plasma membrane. The quantifications represent an average of two terminals.
Capacitance measurements distinguish two molecularly distinct modes of endocytosis-fast and slow
ing exocytosis triggered by a 100 ms depolarization, all excess membrane is retrieved, and the time course is described by the sum of two declining exponentials (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material; Table 1 ). Fast endocytosis and slow endocytosis have time constants of ϳ1-2 s and 10 -20 s, respectively, and have shown that these kinetic phases display important molecular differences. We now repeat one such experiment (supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material). The purple trace shows the effects of dialyzing an amphiphysin peptide (Amph-DNF) into the terminals, which effectively inhibits the function of the clathrin adaptor protein complex AP2 (Olesen et al., 2008) . Slow endocytosis is blocked, but the amplitude and rate of the fast phase of retrieval are unaffected. A selective inhibition of slow endocytosis was also observed after introducing a peptide derived from the region of amphiphysin that binds dynamin, or the N-terminal domain of clathrin heavy chain that binds accessory proteins, or a peptide derived from amphiphysin that binds clathrin . Thus, fast endocytosis is proposed to occur by a mechanism that is distinct from the classical clathrin-AP2-dependent pathway. It is also striking that inhibition of clathrin-AP2-mediated endocytosis leaves the membrane normally retrieved by this mechanism "stranded" at the surface (the capacitance trace in supplemental Fig. S2 , available at www.jneurosci.org as supplemental material, does not return to baseline after the fast phase of endocytosis is complete); the fast mechanism of endocytosis cannot compensate for the loss of the slower clathrin-dependent mechanism.
An endophilin SH3 domain-binding peptide inhibits both the fast and slow phases of endocytosis, but also targets the intersectin SH3 domain A We set out to investigate the role of endophilin in synaptic vesicle endocytosis. Endophilin contains an N-BAR domain that curves membranes and would be predicted to act in a pathway where retrieval occurs via small vesicles (Gallop et al., 2006) . The protein is implicated in clathrin-mediated endocytosis and in retrieval of synaptic vesicles, but its precise role is unclear (Guichet et al., 2002; Verstreken et al., 2002; Fabian-Fine et al., 2003; Schuske et al., 2003; Dickman et al., 2005) . We first verified by Western blotting and immunofluorescence the presence of endophilin, and its major binding partners synaptojanin and dynamin, in goldfish brain and bipolar cells (Fig. 2 A; supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Endophilin is enriched in the synaptic terminal, in particular, to the peripheral region occupied by synaptic vesicles (Fig. 2 A compared with Fig. 1 A) .
To test the involvement of endophilin in the fast mode of endocytosis, we introduced PP19, a peptide from synaptojanin that interacts with endophilin SH3 domain (Ringstad et al., 1999) , and measured its effect on the kinetics of endocytosis (Fig.  2 B, C) . Under control conditions, a 20 ms stimulus was followed by fast endocytosis with a rate constant k fast ϭ 0.8 s Ϫ1 (i.e., t fast ϭ 1.25 s), which retrieved ϳ98% of the excess membrane. Thus, recovery after a brief stimulus was dominated by fast endocytosis, as described previously Hull and von Gersdorff, 2004) . But when the patch pipette contained 100 M PP19, only 64% of the excess membrane was retrieved, and the remainder appeared "stuck" at the surface (Fig. 2 B) . The rate constant of recovery, 0.9 s Ϫ1 , was within the range defining fast endocytosis Hull and von Gersdorff, 2004) . The essential effect of PP19, therefore, was to cause a block of fast retrieval for a proportion of the vesicles released by a brief stimulus.
The effects of PP19 were distinct from those of other interventions known to alter the kinetics of endocytosis in this synaptic terminal. The proportion of membrane retrieved by slow endocytosis increases when more vesicles are released, when calcium buffers are introduced into the terminal (Neves et al., 2001) , and when the internal chloride concentration is elevated (Hull and von Gersdorff, 2004) . It seems, therefore, that the slow mechanism, which is clathrin-AP2-dependent , is the default mechanism that operates when fast endocytosis is antagonized or its capacity exceeded. In contrast, a slow phase of endocytosis did not occur in the presence of PP19, and a proportion of the excess membrane was not recovered (Fig. 2 B) , indicating that the peptide had a second effect: a complete block of slow endocytosis. To investigate this idea further, we also tested the effect of PP19 after a longer (100 ms) stimulus, when a greater proportion of the excess membrane is retrieved by slow endocytosis (Fig. 2C) . In the presence of PP19, 51% of the excess membrane was retrieved with a rate constant of 0.79 s Ϫ1 , and the remainder was still not retrieved 20 s after the stimulus. The slow mode of endocytosis was again completely blocked. Proper interaction of SH3 binding partners was therefore important for both fast and slow endocytosis.
We wondered how specific PP19 was for endophilin relative to other SH3 domains, particularly those of intersectin, for which 
The amount of exocytosis is measured as the amplitude of the capacitance response (⌬C m ) (in femto-farads) immediately after calcium channels are closed. The amplitudes of the fast and slow phases (A fast and A slow ), and rate constants (k fast and k slow ) were obtained from double-or single-exponential fits, as described in supplemental material (available at www.jneurosci.org), but where there is no slow or no fast phase noted in the table, then the trace has been fitted with a single exponential. All data are expressed as mean Ϯ SEM Entries in bold are significantly different from the other conditions using a one-way ANOVA followed by Dunnett's multiple-comparisons test (p Ͻ 0.01). *Slope of the initial retrieval: control, 30 Ϯ 2%s
Ϫ1
; endophilin⌬SH3, 6 ؎ 2%s ؊1 .
Llobet et al.
•
synaptojanin is also a major binding partner. In GST-SH3 domain cosedimentation assays (Fig. 2 D) , synaptojanin and dynamin interactions with endophilin and intersectin SH3A were both weakened by PP19. The effect of PP19 on binding to other SH3 domains is shown in supplemental Figure S3 (available at www.jneurosci.org as supplemental material). Thus, we could not be confident that PP19 acted selectively on endophilin.
Dominant-negative endophilin inhibits synaptojanin recruitment to liposomes
Because of the lack of specificity of PP19, we sought an alternative way to acutely disrupt the function of endophilin, and predicted that endophilin lacking its SH3 domain might act as a dominant-negative inhibitor (a diagram of endophilin is shown in Fig.  3A ). This molecule is unable to bind synaptojanin or dynamin and is expected to occupy normal endophilin-binding sites on the membrane, or heterodimerize with endogenous endophilin, and thus reduce the effective concentration of endophilin SH3 domains present on the membrane, abrogating synaptojanin and dynamin recruitment. We tested the effectiveness of endophilin⌬SH3 as a dominant-negative construct in vitro in synaptojanin recruitment to liposomes and found that addition of endophilin⌬SH3 in trans competed out the binding of synaptojanin and endophilin to liposomes (Fig. 3C ).
Dominant-negative endophilin selectively inhibits fast endocytosis in bipolar cells
Endophilin⌬SH3 was introduced into the synaptic terminal of bipolar cells through the patch pipette, at concentrations of 5, 12.5, and 25 M. After a 100 ms depolarization, endocytosis normally occurred in two distinct phases, with ϳ60% of the membrane retrieved rapidly and the remainder slowly (Fig. 4A) . But upon introduction of endophilin⌬SH3 (N-BAR), membrane retrieval was monophasic, with a time constant (16 s) characteristic of slow endocytosis (Neves et al., 2001; Hull and von Gersdorff, 2004) . The fast mode of endocytosis was no longer evident (Fig. 4A , Table 1 ). The effects of endophilin⌬SH3 were concentration dependent and inhibition was observed within a few minutes of beginning dialysis, with pipette concentrations Ͼ12.5 M. Run-down of endocytosis contributed minimally to this observation (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). By calculating the time course over which endophilin⌬SH3 accumulated in the terminal, we estimated that half-maximal inhibition of fast endocytosis occurred at ϳ7 M (supplemental Methods and supplemental Figure S5 , available at www.jneurosci.org as supplemental material), close to the dimerization constant of endophilin (Gallop et al., 2006) . The lack of fast retrieval after dialysis with endophilin⌬SH3 (Fig. 4 A) could be due to a block in the fast pathway compensated for by the slow pathway, or a slowing down of the fast pathway making the rate constant indistinguishable from slow endocytosis. We attempted to distinguish these two scenarios by investigating fast endocytosis alone, by delivering briefer stimuli . Figure 4 B shows the capacitance response to a depolarization lasting 20 ms, after which almost all vesicles were normally retrieved with a time constant of ϳ1 s (Table 1) . If endophilin⌬SH3 acted by slowing this fast mechanism, the fall in membrane area would be expected to remain monophasic but with a slower rate constant. Instead, we observed two distinct phases of retrieval. Approximately 50% of the excess membrane was retrieved with a time constant (0.9 s) characteristic of fast endocytosis, while the remainder was retrieved slowly. An ANOVA test confirmed that the amplitude of the fast phase was significantly reduced by endophilin⌬SH3 (p Ͻ 0.01). The effect of endophilin⌬SH3 was not, therefore, to uniformly slow down the rate of endocytosis, but to cause a proportion of vesicles to be retrieved by the slow mechanism rather than the fast.
A switch from fast to slow endocytosis has also been observed in the presence of excess calcium buffers (Neves et al., 2001) or increased internal chloride concentration (Hull and von Gersdorff, 2004) . It seems that the slow pathway can compensate for block of fast endocytosis. Together with the effects of endophilin⌬SH3, all these experiments indicate that slow clathrin-dependent retrieval is the default pathway for vesicles that are not recaptured by the fast (endophilin-dependent) mechanism.
If endophilin⌬SH3 selectively antagonizes the fast mode of endocytosis, then it should have no effect on the fall in membrane capacitance when this normally occurs by slow endocytosis. To test this, we used stimuli lasting 2 s, when almost all the vesicles are normally retrieved slowly (Fig. 4C ). Endophilin⌬SH3 had no significant effect on the rate of membrane retrieval after this stim- Table 1 . By calculation, the concentration of PP19 in the terminal 2 min after the establishment of whole-cell recording conditions would be ϳ40 M. D, Mammalian GST-SH3 domains that are known interactors of synaptojanin were tested for the sensitivity of this interaction in rat brain extracts to PP19 at various concentration indicated. SH3 domain interactions with dynamin1 are also shown. The interactions of other SH3 domains were tested in supplemental Figure S3 (available at www. jneurosci.org as supplemental material). These are representative data of two or more experiments.
ulus, providing further evidence that this construct did not affect the slow, clathrin-AP2-dependent, pathway of retrieval. The shift from fast to slow modes of endocytosis on introducing the endophilin⌬SH3 did not correlate with any obvious change in the amount of exocytosis (Table 1) The block of fast endocytosis by endophilin⌬SH3 is specific and requires membrane localization Endophilin⌬SH3 can tubulate membranes in vitro, much like other proteins containing N-BAR domains (supplemental Fig.  S6 , available at www.jneurosci.org as supplemental material), so it was important to test the specificity of its effect. Dialysis with 25 M Drosophila amphiphysin⌬SH3, also a potent tubulator (a muscle enriched protein), had no significant effect on the fast or slow phases of endocytosis observed after a 20 or 100 ms depolarization (Fig. 5 A, B) . The efficient targeting of endophilin to membranes in vitro requires the N-terminal amphipathic helix (Gallop et al., 2006) . Therefore, we introduced the endophilin BAR domain alone into terminals. This construct had no effect on retrieval (Fig. 5C) , indicating that the competitive interaction with endogenous endophilin occurred at the membrane. In contrast to endophilin⌬SH3, fast endocytosis was maintained even after ϳ4 min of dialysis with the endophilin BAR domain alone. Full-length endophilin retaining the SH3 domain mildly inhibited both fast and slow phases of endocytosis in the synaptic terminal (Fig. 5D) , possibly by competing with binding partners. Finally, the BAR domain of arfaptin2, which targets Golgi membranes, did not inhibit vesicle retrieval (supplemental Fig. S7 , available at www.jneurosci.org as supplemental material).
Discussion
We find that molecular interventions targeting endophilin and its binding partners inhibit fast endocytosis at the ribbon synapse of retinal bipolar cells. In contrast, inhibitors of AP2 and clathrin inhibited only slow endocytosis . Endophilin thus represents the first protein, other than the scission molecule dynamin, implicated in fast retrieval of synaptic vesicles. These results do not rule out the possibility that endophilin may also play some role in slow endocytosis at the ribbon synapse of bipolar cells. It is possible that the fast and slow phases have different sensitivity to the inhibitors. In addition, the endophilin SH3 domain interacts with receptors, e.g., the vesicular glutamate transporter (Voglmaier et al., 2006) ; thus, endophilin⌬SH3 may not be effectively targeted to sites of slow endocytosis. Table 1 . Individual traces at various times after whole-cell recording are shown in supplemental Figure S5 (available at www.jneurosci.org as supplemental material). The concentration dependence of the endophilin⌬SH3 inhibition is shown in supplemental Figure S6 (available at www.jneurosci.org as supplemental material). B, Averaged capacitance responses to depolarizations of 20 ms (n ϭ 11). Control (black) is described as a double exponential with A fast ϭ 87%, k fast ϭ 1.1 s Ϫ1 , k slow ϭ 0.25 s Ϫ1 . Endophilin⌬SH3 (red) is described with A fast ϭ 39%, k fast ϭ 1.23 s Ϫ1 , k slow ϭ 0.06 s Ϫ1 . As in A, ANOVA indicated that the amplitude of the fast phase was significantly reduced by endophilin⌬SH3. C, Responses to depolarizations of 2 s (n ϭ 8). Control is described as a single exponential with k slow ϭ 0.08 s Ϫ1 . Endophilin⌬SH3 is described as a single exponential with k slow ϭ 0.11 s Ϫ1 .
Endophilin has a clear role in synaptic vesicle retrieval, but has previously been assumed to act only in the clathrin-dependent pathway. This conclusion has been based on elevated numbers of clathrin-coated vesicles and budding profiles observed in endophilin mutant synapses (Guichet et al., 2002; Verstreken et al., 2002; Fabian-Fine et al., 2003; Schuske et al., 2003; Dickman et al., 2005) . Such observations are also compatible with the idea that endophilin is involved in other endocytic mechanisms, since an increase in clathrin-coated membranes might also be caused by a compensatory upregulation of the clathrin-dependent pathway in response to inhibition of other pathways. Indeed, an important feature of our results was compensatory retrieval by slow endocytosis when the fast mechanism is inhibited (Figs. 4, 5 ). There are also indications that clathrin-dependent and clathrinindependent mechanisms can operate in synapses of C. elegans and D. melanogaster (Heerssen et al., 2008; Kasprowicz et al., 2008; Sato et al., 2009 ). In C. elegans, synaptic vesicle pools are maintained in temperature-sensitive clathrin mutants (unlike in endophilin mutants), and mutation of the sole subunit of AP2 shows unexpectedly modest effects (Gu et al., 2008; Sato et al., 2009) .
The small size of vesicles endocytosed by the fast pathway confirms our previous molecular studies on endophilin, where we found that the N-BAR domain of endophilin generates or stabilizes membrane curvature and provides a link between membrane deformation and the recruitment of SH3 domain binding partners (Gallop et al., 2006) . The fast time constant associated with the endophilin-dependent endocytic events implies that there is a short time window in which this protein must act before the vesicle is lost to this mechanism of retrieval. Due to its preloading onto synaptic vesicles (seen in C. elegans and D. melanogaster terminals and supported by its colocalization with synaptic vesicles in resting bipolar cell terminals; Fig. 2 A) , endophilin is well placed to either rapidly generate curvature from a collapsed synaptic vesicle or to stabilize the curvature of a collapsing vesicle and encourage dynamin assembly and scission. Additionally, since synaptojanin is also a major binding partner of endophilin, this implicates a role for PtdIns(4,5)P 2 turnover in the fast pathway. This may be related to ribbon function since the synaptojanin zebrafish nrc mutant is unable to anchor ribbons (Van Epps et al., 2004) , and there are several lines of evidence that fast retrieval is localized to ribbons: (1) DAB-positive vesicles appear in ribbons or nearby ribbons, (2) cell-attached capacitance recordings from active zones showed fast but not slow endocytosis (Llobet et al., 2003) , and (3) longer stimulations evoke release outside of active zones, and vesicles are retrieved using the slow pathway.
To conclude, we propose that endophilin and its binding partners synaptojanin and dynamin are key components of a fast endocytic pathway that can be distinguished from classical clathrin-dependent retrieval by its kinetics and molecular mechanism (Fig. 6) . It may be that fast and slow retrieval at ribbon synapses share common molecules other than dynamin, but this possibility remains to be investigated. A peptide which blocks AP2 interactions inhibits a slow component of endocytosis in retinal bipolar cells. Both traces show normalized capacitance responses to a 100 ms depolarization (arrow), which results in an increase in surface area due to vesicle fusion, followed by endocytosis. Under control conditions (black; n = 14), all the excess membrane is retrieved, and the time-course is biphasic. The trace is described by a double exponential in which the amplitude of the fast phase (A fast ) is 54% and this membrane is retrieved with k fast = 0.74 s -1 . The remaining 46% of membrane (A slow ) recovers with kslow = 0.16 s -1 . The averaged response after dialysis with 100 µM of the Amph-DNF peptide (violet, n = 3) was described by a single exponential in which A fast = 58% of membrane was retrieved with kfast = 0.59 s -1 , leaving 42% stranded. Error bars show one s.e.m. The absolute amplitudes of the exocytic responses under these conditions are shown in Table 1 . The procedure for fitting curves, and all the parameters of the fits to the averaged traces in this figure are described in the Supplemental Data. 
Supplemental Figure 6
100 nm
Endophilin�SH3 d-Amphiphysin�SH3
Arfaptin2 a Golgi targeted BAR containing protein does not affect the kinetics of vesicle retreival. Endocytosis after a 100 ms stimulus is compared for control and arfaptin-BAR conditions (25�M in pipette).
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Supplemental Methods
Correlative electrophysiology and electron microscopy
Depolarising bipolar cells isolated as above were plated onto gridded glass coverslips coated with poly-L-lysine. Cells were bathed in low-calcium-Ringers solution (0.2 mM CaCl2) which, after patching, was exchanged with Ringers solution (2.5 mM CaCl2) containing 10 mg/ml HRP. After 2-3 mins equilibration, the patched cells were subjected to a train of five, 20 ms stimulations with 10 s intervals, prior to being fixed with 2 % PFA/1.5 % glutaraldehyde in buffer A (25 mM HEPES, 38 mM aspartate, 38 mM glutamate, 38 mM gluconate, 2.5 mM MgCl2, 2 mM EGTA, pH being post-fixed with 1 % osmium tetroxide/1.5 % potassium ferricyanide and stained with tannic acid. The cells were dehydrated and embedded in epon stubbs, as described previously . Coverslips were removed by immersion in liquid nitrogen prior to serial sectioning and ultra-thin sections were cut en-face using a Reichert-Jung Ultracut E microtome. Sections were stained with lead citrate before being viewed in a Philips CM12 electron microscope. The diffusion coefficient of vesicles in the synaptic terminal of bipolar cells has been measured to be ~1.5 x 10 -2 µm 2 s -1 , and since the average distance from the membrane was only 106 nm, fixation must have occurred within 1 s of budding from the plasma membrane (see also distribution of distances in Figure 1I ).
Fitting of capacitance traces
The basic approach to describing the recovery phase of capacitance traces using single or double exponential functions has been described previously . Three basic situations arose in the present study. In the first, all the excess membrane was recovered in one phase which could be described as a single exponential (e.g recovery after 20 ms or 2 s stimuli -see black trace in Figure 2E ). In the second, all the excess membrane was retrieved but recovery was biphasic and was best described as the sum of two declining exponentials (e.g recovery after a 100 ms stimulus -see black trace in Figure S2 ). In the third, a proportion of the membrane was not recovered and endocytosis appeared to have stopped within our recording episode (e.g recovery in the presence of the DNF peptide, red trace in Figure S2 ). In this last situation, we found that the timecourse of recovery for that proportion of membrane that was retrieved could also be described adequately as a single exponential.
The decision between single and double exponential fits was made by visual inspection followed by comparison of residuals. We set two further criteria before accepting the need for a double exponential over a single: the two rate-constants differing by more than 4-fold and the amplitude of the slow phase being at least 10%.
The first criterion applied in most situations, because the fast phase typically had a time-constant of about 1 s, and the slow phase a time-constant of 10 s or more. For instance, in Figure 3E (20 ms stimulus, endophilin∆SH3) the fast and slow rateconstants differed by factor of 20.
The second criterion was set because an estimate of the slower rate-constant was overly sensitive to slight drift in the traces when the amplitude of the slow phase was very small relative to the fast phase. In such situations, only the rate-constant and amplitude of the fast phase was recorded, together with the amplitude of the slow phase; the slow rate-constant was not deemed reliable. A border-line case is shown by the control response to a 20 ms stimulus in Figure 3E , where the fit suggests that the amplitude of the slow component is 13% of the total and kslow = 0.25 s-1. This is an average of 14 individual responses but when fitting the individual responses to this brief stimulus, a double exponential was used in only one case.
Estimating the concentration of endophilin in the synaptic terminal
The intracellular concentration of a molecule dialyzed through a patch pipette approaches the final (pipette) concentration (co) along a time-course which can be described as a saturating exponential, c(t) = co(1 -exp(-t/τ)), where t is the time after obtaining access to the interior of the cell (Pusch and Neher, 1988) . The characteristic time-constant,τ, depends on the size o the terminal (expressed as its capacitance, Cterm, in pF), the access resistance through the patch pipette (Ra, in M ), and the molecular weight o the molecule (M in Daltons), according to the equation t = to.
(Cterm/5.91)1.5, where to = 0.6 Ra . M1/3. The MW of endophilin N-BAR is 28000
Daltons, but because it dimerizes at the concentrations introduced into the patch pipette (12.5 -25 •M), M was taken as 56000 Daltons. Typically, t was 3-4 minutes.
In this way we calculated the concentration of endophilin N-BAR domain inside the terminal at the time a stimulus was delivered.
Statistics
All fits were made in IGOR PRO software (WaveMetrics, Lake Oswego, OR) using a Levenberg-Marquardt algorithm that searches for parameter values that minimize chisquare. Chi-square has absolute meaning if a weighting wave (the reciprocal of the standard deviation) is used in its calculation, when errors can also be estimated for each free parameter. But we could not be confident in the errors calculated in this way from averaged traces because they were always considerably lower than errors calculated by fitting each of the individual traces in a given condition, then calculating the mean and standard error of the mean for the various parameters. We believe that this larger error better reflects the experimental variation and for this reason we use this approach to calculate errors for the parameters that describe recovery of the capacitance responses, and these are shown in Table 1 . We provide the fitted curves along with the averaged raw data and the associated raw data errors bars. Thus the quality of model fitting can be appreciated by eye. Note that, as expected, the values of the parameters of the best-fit curves are slightly different from the mean values obtained by compiling measurements from individual traces (compare Table 1 with values below).
